Spin configurations in Co2FeAl .4Sio.6 Heusler alloy thin film elements 
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We determine experimentally the spin structure of half- metallic Co2FeAlo.4Sio.6 Heusler alloy elements using 
magnetic microscopy. Following magnetic saturation, the dominant magnetic states consist of quasi-uniform 
configurations, where a strong influence from the magnetocrystalline anisotropy is visible. Heating experi- 
ments show the stability of the spin configuration of domain walls in confined geometries up to 800 K. The 
switching temperature for the transition from transverse to vortex walls in ring elements is found to increase 
with ring width, an effect attributed to structural changes and consequent changes in magnetic anisotropy, 
which start to occur in the narrower elements at lower temperatures. 



Heusler alloys are materials systems characterized by 
rich electronic and magnetic properties, such as half- 
metallic behavior, large magneto-optic constants, and 
shape memory. 1 ' 2 The combination of high magnetic 
critical temperatures, large magnetization, and half- 
metallicity, makes the Heusler alloys particularly inter- 
esting candidates for spintronics devices, for example, 
as spin injectors in spin polarized field effect transistors 
(spin-FET), magnetic layers in tunnel junctions, or as 
spin polarized materials for spintronics applications, 1 ' 3 5 
while recently a magnetoelectric coupling 6 has been pre- 
dicted in a Heusler/ferroelectric junction. 7 In half-metals, 
one of the spin sub-bands is semiconducting, rendering 
electron transport fully spin-polarized; for a robust half- 
metallic behavior, a large separation between the Fermi 
energy and the edges of the semiconducting sub-band is 
desirable, to avoid thermal excitation and spin-flip scat- 
tering of electrons to the conduction sub-band. Such 
tuning of the Fermi level position is possible by adjust- 
ing the doping level x in half-metallic Co2FeAli_ x Si c , 
where it is found that for x ~ 0.5, the Fermi Level lies in 
the middle of the semiconducting spin sub-band. 8 ' 9 An- 
other advantage of this composition is that the system 
becomes less sensitive to atomic disorder, whose effect is 
to introduce edge states at the band gap of the semicon- 
ducting sub-band and to reduce the spin polarization. 8 ' 9 
These factors explain the large tunneling magnetoresis- 
tance (up to 160%) 10,11 and the efficient spin-transfer 
switching in spin-valve nanopillar structures using this 
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particular composition. 12 

To utilize these unique features, a detailed knowledge 
of the spin structure in these materials at the nanoscale is 
necessary. In this work, we study the magnetic spin con- 
figuration of patterned Heusler alloy Co2FeAlo.4Sio.6 thin 
films using x-ray magnetic circular dichroism photoemis- 
sion electron microscopy (XMCD-PEEM). We find that 
the spin configurations in small elements (below 2 /am) 
are quasi-uniform, while well defined domain walls are 
formed in narrow structures. The magnetic configura- 
tions are found to be stable up to 800 K, making it par- 
ticularly suitable for room temperature device applica- 
tions. 

The structures investigated in this study consist of ar- 
rays of discs, rings, squares, rectangles, triangles, and 
zig-zag wires of various sizes, fabricated by d.c. mag- 
netron sputtering of [1.5 nm] Ru/ [t] Co2FeAlo.4Sio.6 
films, where t = 15, 30 nm, on a polymethyl methacrylate 
(PMMA) resist spincoated on a Cr [10 nm]/MgO(001), 
defined using e-beam lithography, and subsequent lift-off. 
The films were deposited at room temperature and the 
samples were afterwards annealed at 500° C in a nitrogen 
atmosphere for 30 min. X-ray diffraction measurements 
on control samples grown under the same conditions indi- 
cate that the as-deposited Co2FeAlo.4Sio.6 films grow epi- 
taxially on Cr/MgO(001) with B2-type order, while after 
annealing L21-type order was observed. 13 The continuous 
Cr layer prevents sample charging during magnetic imag- 
ing using XMCD-PEEM. In this technique, a photoemis- 
sion electron microscope is used to image the local differ- 
ence in light absorption at resonance for left and right cir- 
cularly polarized light. The magnetic contrast depends 
on the angle between the helicity vector and magneti- 
zation, being maximum when they are parallel or anti- 



parallel. For the XMCD measurements presented here, 
the x-ray light was tuned to the Co L edge, which displays 
larger intensity than the Fe L edge for C02FeAlo.4Sio.6- 
Due to the grazing incidence of the photon beam, our 
measurements are mainly sensitive to the in-plane com- 
ponent of the magnetization. Magnetic force microscopy 
imaging of selected elements (not shown) confirms the 
in-plane orientation of the magnetization. 2D micromag- 
netic simulations were carried out with the Object Ori- 
ented MicroMagnetic Framework (OOMMF) 14 package 
using the materials parameters: M s = 1000 emu/cm 3 , 
A = 2.3 x 10~ 6 erg/cm, K x = -9 x 10 4 erg/cm 3 , and 5 
nm in-plane cell size. 3 ' 13 

A survey of the magnetic configuration of the pat- 
terned elements after magnetic saturation (with a mag- 
netic field of about 1 kOe) shows that high remanent 
states are favored, although low remanent states, such 
as vortex states in discs and rings, and Landau states 
in bar elements, are also observed. Representative mag- 
netic states of disc elements with varying diameter, fol- 
lowing saturation, are displayed in Fig. 1. For the 15 
nm thick elements, the dominant state is the so-called 
triangle (T) state, 15 although vortex (V) states are also 
found, as can be observed in Fig. 1(a). For the thicker 
elements, the triangle [Fig. 1(d) and (f)] and the S-state 
(S) [Fig. 1(c) and (e)], predicted numerically in Ref. 15, 
prevail. The magnetic contrast perpendicular to the av- 
erage magnetization, Fig. 1(b), shows that these states 
exhibit a significant modulation of the transverse com- 
ponent of the magnetization, in agreement with the re- 
sults of micromagnetic simulations, Fig. l(e,f). The dom- 
inance of high remanent states points to the important 
role played by the magnetocrystalline anisotropy, which 
helps to stabilize more uniform spin configurations. 15 Our 
results show that, for Co2FeAlo.4Sio.6 alloy elements be- 
low 2 /im in size, well defined magnetic states are ob- 
served, determined by the interplay between exchange 
energy and magnetocrystalline and shape anisotropics. 

The existence and control of domain walls is a 
prerequisite for domain wall based applications and 
experiments. 16 To study domain walls in Co2FeAlo.4Sio.6 
Heusler alloy elements, rings and zig-zag shaped wires 
were imaged. The magnetic configuration of the ring el- 
ements, after magnetic saturation, consists of so-called 
'onion states,' with domain walls that divide two quasi 
uniform domains in each half of the ring. 17 A strong 
tendency for ripple domains (which are usually associ- 
ated with fluctuations in the direction of the magnetic 
anisotropy 18 ) is found in the wire and ring elements. The 
spin configuration of the onion states is characterized by 
the presence of local domains, as also observed in fee 
Co and Fe304 ring elements due the magnetocrystalline 
anisotropy. 19 ' 20 For the narrower elements we find better 
defined domain wall structures, as illustrated in Fig. 2, 
which is explained by the stronger influence of the shape 
anisotropy. While transverse domain walls are dominant, 
we also observe vortex walls, showing that both spin con- 
figurations are stable at room temperature. 16 The do- 
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FIG. 1. XMCD-PEEM images of disc elements with varying 
size, for (a) 15 nm and (b) 30 nm Co2FeAl .4Sio.6 films, with 
the initial magnetic field H applied along the [110] and [110] 
directions, respectively (300 K). Images are representative of 
the states found across the larger arrays; examples of the 
vortex (V), triangle (T) and the S-state are shown, as labeled, 
(c-f) Detailed view of the triangle and S states for two 30 
nm Co2FeAlo.4Sio.6 discs and corresponding micromagnetic 
simulations. 



main wall structure in the zig-zag wires is found to be well 
defined, as shown in the bottom panels of Fig. 2. The 
shape anisotropy leads to head-to-head and tail-to-tail 
spin configurations at the wire bend, so that domain walls 
are formed, mostly transverse. These results show that 
domain walls in Heusler alloys can be generated repro- 
ducibly for elements with typical widths around 500 nm, 
determined mostly by the shape anisotropy. The do- 
main wall spin configuration becomes more complicated 
for wider elements, which are more strongly affected by 
the magnetocrystalline anisotropy and magnetic ripple 
domains. This suggests that there is room for optimiza- 
tion of the film quality and/or of the patterning method 
to reduce local pinning. 

We investigate next the thermal stability of the do- 
main walls in ring geometries with varying widths, from 
280 to 560 nm. After saturation, transverse domain walls 
are present in the rings, which transform progressively 
to vortex walls with increasing temperature (correspond- 
ing the lowest energy state, according to the results of 
micromagnetic simulations). Examples of transverse to 
vortex wall transitions with increasing temperature are 
presented in Fig. 3, showing images before and after the 
transition for three ring widths taken during the heating 
cycle. 

The transition temperature is plotted as a function of 
ring width in Fig. 4, determined from the temperature de- 
pendence of the number of domain walls that underwent 
a transition (out of about six to eight), shown in the inset 
to Fig. 4. A clear dependence on the ring width is observ- 
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FIG. 2. XMCD-PEEM image of the spin configuration in 
rings and curved wires with varying width, initially magne- 
tized along the [110] direction for (a) 15 nm and (b) 30 nm 
Co2FeAlo.4Sio.6 films (300 K). The arrow in (a) points to a 
region in the ring element showing changes in the local trans- 
verse magnetization component that resemble ripple domains 
in continuous films. Note the different magnetic contrast di- 
rection in the bottom right panel. 
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FIG. 3. Examples of domain wall transitions with increasing 
temperature (as labeled), from transverse to vortex, in 30 nm 
thick Heusler alloy rings with widths from 280 nm to 560 nm 
(a-c). For each panel, the left image shows a transverse wall 
at a temperature below the domain wall transition, while the 
image to the right shows a vortex wall at a temperature above 
the transition. 



able showing surprisingly that wider elements switch at 
higher temperatures, which is opposite to the expected 
behavior, since transverse walls tend to be favored in nar- 
rower elements. 21 24 At temperatures above 890 K, re- 
crystallization occurs due to Cr inter diffusion, 10,25 lead- 
ing to irreversible structural and morphological damage 
to the structures (not shown). The temperature of this 
permanent destruction depends on the element size, with 
narrow elements degrading first. Therefore, possible ex- 
planations for the increase in the transition tempera- 
ture with increasing ring width include changes in mag- 
netic anisotropy with temperature 10 ' 25 due to the onset 
of thermally activated Cr interdiffusion and crystalliza- 
tion processes, where smaller elements are affected at 
lower temperatures. Nevertheless, the heating experi- 
ments show the stability of the spin configuration up to 
800 K, which marks the onset of irreversible magnetic 
changes in these elements. Another observation is the 
non-monotonic variation of the switching temperature 
distribution with the ring width (Fig. 4, inset, and er- 
ror bars in main graph), being particularly wide for the 
340 nm wide rings. One possible explanation for this be- 



havior could be a strong competition between the mag- 
netocrystalline and shape anisotropy at this ring width, 
leading to a spread in the energy barrier height distri- 
bution that separates the vortex and transverse domain 
wall configurations. 




Ring width (nm) 

FIG. 4. Average transition temperature (To) as a function of 
ring width. Error bars correspond to the width of the tran- 
sition distribution based on sampling of about six transitions 
per ring width, as shown in the inset (lines are Lorentzian fits 
to the data). For ease of display, the temperature axis in the 
figure inset has been offset by To. 

In conclusion, the feasible control of the spin structure 
in patterned Heusler alloys (Co2FeAlo.4Sio.6) is demon- 
strated. In confined structures with sizes of around 
500 nm, the spin structure is well denned and is deter- 
mined mainly by the element shape. The high spin polar- 
ization in Co2FeAlo.4Sio.6 elements and the resistance to 
thermally activated changes make this material an inter- 
esting candidate for future applications and experiments. 
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